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Introduction 3 1
The nematode Caenorhabditis elegans is a popular research model for studying a broad 3 2 range of environmental effects, including osmotic, dietary, oxidative, hypoxia, heat, and 3 3 heavy metal stress [1] . In most stress assays, resistance or susceptibility is measured eliminating features that the worm can use to generate the force necessary to push 1 4 0 through the loading channel constriction point ( Fig 1B region 3.1) . The second sub-1 4 1 region (crawl-zone) is filled with a pattern of pillars that have been sized to generate 1 4 2 plate like behavior in adult animals [11, 12] (Fig 1B region 3. 2). This combination of 1 4 3 swim-zone and crawl-zone provides a more complex environment than previous 1 4 4 microfluidic arrays for single worm husbandry [9, 10, 14] . Downstream of each arena is a 1 4 5 series of 0.04 mm wide x 1.38 mm long channels spaced 0.035 mm apart that act as a 1 4 6 filter that excludes adult worms from the exit, while allowing embryos to be flushed out 1 4 7 of the chamber (Fig 1B region 4) . The efficacy of loading and retention can be of death or identified as alive at the completion of an experiment relative to a max 1 5 0 capacity of 50 arenas. For all experiments run to date using the system we have a yield 1 5 1 of 68.8% (9,153 data points/13,300 arenas). To provide a standardized environment, we attached the microfluidic chips to a 1 5 3 pressure driven buffer system that can deliver the stressor to the animals and flush 1 5 4 waste and progeny out of the arenas (Fig 2A) . While the flow-through nature of the 1 5 5 microfluidic chips helps to standardize the chemical environment, temperature 1 5 6 standardization must also be accounted for. Nematodes are poikilotherms, and changes 1 5 7 in temperature can have a profound effect on reproduction [15] and lifespan [16] . We internal components of the scanner. Previous scanner-based implementations used 1 6 0 EPSON V700s, which use fluorescent bulbs instead of LEDs [4, 5] . We found the V800s 1 6 1 generate less heat, so we simplified the modifications that were made in the V700 C. elegans Lifespan Machine implementation [4] . In brief, the TPU lid remained unaltered, 1 6 3 while the scanner base was ventilated in three locations ( Fig 2B) . The rear of the 1 6 4 scanner base had a 125 mm x 25 mm opening, while both sides of the scanner had 75 1 6 5 mm x 50 mm holes cut approximately 75 mm from the back ( Fig 2B) . A small USB 1 6 6 powered fan was then used to draw air from inside the scanner to maintain an 1 6 7 appropriate surface temperature on the scan bed while avoiding direct airflow across 1 6 8 the scanner bed ( Fig 2B) . Pressurized air was split through a manifold with ball valves to 1-gallon air tanks. Air from the 1-gallon tanks was regulated using a pressure-relieving micro-1 7 2 regulator to 1-5 psi. The regulated air was then passed through a t-split to two 1- liter bottles with custom fabricated lids that had seven 1.5 mm OD stainless steel 1 7 4 stems that passed through the lid. One stem was used to connect the 1 7 5 9 pressurized air to the air in the bottle, while the remaining six stems were 1 7 6 connected internally to tubing that reached ~50 mm from the bottom of the bottle 1 7 7 to allow for a stir bar, and externally to 1.5 mm ID tubing that ran to the profusion 1 7 8 inlet ports of the microfluidic chips (see Fig 1A) . (B) Microfluidic chips on 50 mm 1 7 9
x 75 mm glass slides were mounted in the imaging zone approximately 12 mm To determine the temperature profile of the scanner bed during an experimental then determined by recording the temperature from 16 scanner bed locations every 15-1 9 0 30 seconds during mock Stress-Chip experiments (Fig 3) . We find that the experimental 1 9 1 temperatures are consistent from run to run, and scanner to scanner ( Fig 3C) . Each 1-1 9 2 hour recording consists of a minimum of 120 temperature readings per probe, with each 1 9 3 temperature reading representing the average of 50 samples taken in ~1 second (S2 1 9 4 file), from each of the 16 probes. While the average scanner temperature is constant 1 9 5 across scanners and time, there can be temporal and spatial variation during an 1 9 6 experimental run (Fig 3) . The temporal pattern of the approximately 10-15-minute 1 9 7 temperature cycle does not correlate with the 5-minute image sample collection, but 1 9 8 1 0 rather tracks with the cycling of the HVAC unit that maintains temperature in the 20°C 1 9 9 room in which experiments were performed. The mean temperature for each of the 16 2 0 0 locations also show differences, with a maximal departure from the scanner mean of 2 0 1 ~0.5°C ( Fig 3B) . scanners on different days are consistent. The natural environment of C. elegans is decaying plant material [17, 18] , an 2 1 2 environment marked by a boom/bust cycle of food that necessitates behavioral 2 1 3 responses to address the absence of food, or low food densities relative to the worm 2 1 4 population density [17, 18] . One such response is the cessation of egg-laying in 2 1 5 response to food scarcity during adulthood. The cessation of egg-laying results in 2 1 6 matricidal internal hatching of progeny that subsequently use the mother as a food source. This response is known as facultative vivipary [19] or "bagging". To determine if 2 1 8 dietary stress would result in measurable matricidal bagging in a microfluidic 2 1 9 environment we measured lifespan in M9, a salt buffer that lacks an energy source. The buffer (Number of animals = 244 (N2), 327 (fog-2(q71)), 263 (mated fog-2(q71))). 2 2 6 *** signifies p<0.0001. The N2 versus mated fog-2 comparison is not significantly 2 2 7 different, with a p=0.87. (C) N2 Lifespan curves in M9 from day 1 of adulthood. Animals died quickly in the absence of food, with a median measured lifespan of 2 3 3 40 hrs (quartiles: 25%, 36.5 hrs; 75%, 44 hrs) and a mean lifespan of 39.9 hrs (SEM 0.6 2 3 4 hrs) ( Fig 4B) . The lifespan curves showed no significant differences between replicates, 2 3 5
with curves generated for each lane showing similar behavior ( Fig 4C) . To further 2 3 6 confirm that matricidal bagging was responsible for the observed deaths, we performed 2 3 7 experiments in self-sterile virgin fog-2(q71) hermaphrodites that are unable to bag due 2 3 8 to the absence of sperm [20] . Virgin L4 fog-2(q71) hermaphrodites were isolated and [7]). The prolonged lifespan is dependent on the absence of sperm, and mating fog- Chip platform we tested additional stresses in the absence of food using the fog-2(q71) 2 4 7 background. dependent H 2 O 2 lifespan curves of fog-2(q71) animals ( Fig 5B) . Interestingly, the curves 2 6 7 generated from 0.5 mM and 0.75 mM showed variability in the effectiveness of the 2 6 8 hydrogen peroxide. This suggests that the susceptibility curve for animals is steep in the 2 6 9 0.5 mM-0.75 mM range, and that minor variability in worm preparation and/or reagent 2 7 0 preparation when assaying in that range can have a major effect on phenotype. To 2 7 1 determine the LT50 response for hydrogen peroxide we determined the median lifespan DAF-16 to the cytoplasm in an age-1 dependent process [25] . We therefore generated Loss of daf-16 resulted in faster death (Fig 5D) , with a median lifespan of 36 hours 2 9 1 compared to 74 hours for control animals. When compared to the sensitivity of fog-2 9 2 2(q71) animals, loss of daf-16 results in animals which are approximately 65% more 2 9 3 sensitive to H 2 O 2 , with fog-2(q71) daf-16(mgDf47) responding to 0.25 mM H 2 O 2 as fog-2 9 4 2(q71) control animals would be expected to respond to 0.413 mM H 2 O 2 . accelerated aging [28] . We therefore tested the efficacy of the Stress-Chip at measuring observed, animals begin with a squat phenotype at the time of the application of high 3 0 5 salt, and regain length over the course of the experiment (Fig 6A) [30]. This response is Animals showed a concentration dependent decrease in lifespan in response to 3 1 9 NaCl (Fig 6B) . Our results are comparable to those obtained by others in plate-based 3 2 0 assays. For example, we observe a mean lifespan in 400 mM NaCl of 33.2+/-0.75 3 2 1 hours for day 1 adult animals. Others, using day 4 adults in the presence of food, 400mM NaCl, from >90% lethality [29] to <20% lethality [26] . Our observation of 48.6% 3 2 5 lethality at 24 hours for 400mM NaCl lies in the range. In previously published work 3 2 6 using a single time point, 500mM NaCl resulted in ~100% lethality at 24 hours [33], or 3 2 7 97% [31] at 24 hours. Our microfluidic approach gives similar results at 500 mM NaCl, 3 2 8 with a mean lifespan is 15.4 +/-0.75 hours, and 85.1% lethality at 24 hours ( Fig 6B) . These results support the notion that microfluidics-based stress assays using fog-2 3 3 0 animals in the absence of food give results comparable to those of wildtype animals on 3 3 1 agar plates seeded with bacteria. To compare our NaCl results with our H 2 O 2 results, we tested fog-2(q71) daf-3 3 3 16(mgDf47) animals in 500 mM NaCl. Previous work has shown that in an otherwise 3 3 4 wildtype background, daf-16 is not required for acute or adaptive osmotic stress 3 3 5 response when animals are grown on high NaCl plates [29] . This is in contrast to age-1 3 3 6 or daf-2 animals, which are resistant to elevated NaCl concentrations in a daf-16 3 3 7 dependent manner [29] . The resultant fog-2(q71) daf-16(mgDf47) lifespan curves 3 3 8 showed a negligible difference in lifespan when compared to fog-2(q71) controls (Fig   3  3  9 6C). These results support the view that osmotic regulation is different from other stress 3 4 0 pathways that are regulated in wildtype animals by a limited number of master 3 4 1 regulators (e.g., DAF-16 and SKN-1) [34, 35] . Additionally, these results demonstrate 3 4 2 that the Stress-Chip platform can detect genetic sensitivity in a stress specific manner. Here we present validation of the Stress-Chip, a research platform that is a novel 3 4 5 fusion of microfluidic and scanner-based approaches with potential use in a broad range 3 4 6 of research applications. We find that the Stress-Chip is applicable to the study of a 3 4 7 variety of stresses, including dietary, osmotic, and oxidative stress. The system can control of stressor application, and (5) easy scaling. In addition to those benefits, the To achieve a high temporal resolution, the Stress-Chip capitalizes on the opportunity for greater informational depth than usual single-timepoint stress assays. and lifespan curve analyses to be performed [16] (e.g. Fig 5C) . In addition to providing a high temporal resolution, the scanner-based approach 3 6 6 of the Stress-Chip platform is also easy to scale after initial setup due to the over- scanners for a potential throughput of 12,000 animals. Previous scanner-based stress-assays have been performed using plates or 3 7 8 wells to house animals [4, 5] . Typical scanner-based assays require the plates to remain 3 7 9 stationary for the duration of the experiment [4] , which eliminates the possibility of 3 8 0 moving animals to new media to avoid changing environmental conditions. Microfluidic is a frequently used method when studying adult hermaphrodites [36] , but it is known to 3 9 0 change lifespan and stress resistance (e.g. osmotic stress [37] ). While all flow-through The raw MATLAB output file was reformatted, and the worm counts for each arena were C. elegans strains were provided by the CGC, which is funded by NIH Office of 5 1 6
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